In structural DNA nanotechnology, programming a three-dimensional shape into DNA bundles has been a primary design objective. However, the mechanical properties of these DNA bundle structures are another important factor to be considered in the design process. While the mechanics of the individual DNA double helix has been explored extensively and hence its properties are well known, the mechanical properties of structural motifs such as DNA junctions and strand breaks important to bundle mechanics have not been well characterized due to experimental limitations, rendering it difficult to predict the mechanical properties of DNA bundles. Here, we investigate the effect of these structural motifs on the global bundle rigidities by performing sensitivity analysis on a six-helix DNA bundle structure using the finite element modeling approach. Results reveal the primary structural features and their parametric values required to reproduce the experimental bundle rigidities.
Introduction
Structural DNA nanotechnology has enabled us to build various molecular structures with desired patterns and shapes at the nanometer scale [1, 2] . By designing a connectivity map between DNA double helices at discrete crossover positions, one can fold DNA strands into the two-to three-dimensional structures [2] [3] [4] [5] [6] [7] [8] with target curvatures or twists [9, 10] . These structures have been widely used in many applications including the nanometer-precision arrangement of nanoparticles, proteins or florescence molecules [11] [12] [13] , the controlled growth of gold nanoparticles into a three-dimensional shape by using DNA nanostructures as a mold [14, 15] , and the measurement of single-molecule properties [16] .
While the solution shape has been a primary design objective for constructing a target DNA nanostructure, the mechanical properties should be also taken into consideration in the design process as they not only govern the stability, flexibility, and deformability of the structure but also affect the derived functional properties facilitated by interacting with molecules or particles attached to it. Although studies on the mechanical properties of the B-form DNA double helix are abundant, those for DNA bundles [17] [18] [19] are scarce because of the lack of information on the mechanical properties of structural motifs such as DNA junctions and strand breaks important to bundle mechanics due to experimental limitation. Therefore, it is difficult to predict the mechanical properties of DNA bundles in the design process.
Here, we investigate the effect of the mechanical properties of structural motifs, which have been ill-characterized and largely unknown, on the DNA bundle rigidities by analyzing a six-helix DNA bundle structure whose bending and torsional rigidities were known experimentally [17] . We employ the finite element (FE) method to calculate the bundle rigidities for systematically varied model parameters including the distance between the adjacent helices and the rigidities of crossovers and nicks. Results reveal plausible roles of these parameters on the global bundle rigidities and provide their values reproducing the experimental bundle properties. 
Materials and Methods

Six-Helix Bundle.
The six-helix DNA bundle [17] is a straight, 371 nm long structure designed in the honeycomb lattice and consisting of a 6552-base-long scaffold strand and 156 short staple strands most of which have 42 bases ( Figure 1 ). Originally, it has two supporting parts at both ends of the structure for experiments, but we excluded them in this study as they are not necessary in our computational analysis. The helices are connected discretely at 595 crossover positions that are almost evenly distributed along the helical axis. 156 strand breaks or nicks exist almost every 42 base pairs in the bundle as it is folded by the short staple strands. More details on the six-helix DNA bundle are available in [17] including sequence information of comprising DNA strands, connectivity maps between helices, and experimental methods to synthesize and characterize the bundle.
Finite Element Model.
The three-dimensional FE model of the six-helix DNA bundle structure is constructed from its two-dimensional blueprint [20] that provides the location of each helix on a lattice and the crossover positions where the helices are connected to one another. Each helix is modeled as a straight, homogeneous, isotropic, and elastic rod using a set of two-node Hermitian beam elements with the stretching ( B-DNA = 1,100 pN), bending ( B-DNA = 230 pNnm 2 ), and torsional ( B-DNA = 460 pNnm 2 ) rigidities measured experimentally for the B-form DNA [21] neglecting any sequence dependency. FE nodes are placed at the center of base pairs where six degrees of freedom (DOFs) are assigned to each node to describe the displacement of the center position and the rotation of the beam cross section. They exist every 0.34 nm along the helical axis in the undeformed configuration with the right-handed twist rate of 34.29 ∘ per base pair determining the orientation of the beam cross section. At the nick positions where one of the phosphate backbones is broken, beams with reduced bending and torsional rigidities are used instead while the same stretching rigidity as the B-form DNA is used. Six helices form a bundle structure on the honeycomb lattice with the interhelical distance between the neighboring helices. Two FE nodes between the adjacent helices at a crossover position are connected to each other using a beam element whose rigidities determine the flexibilities between the helices at the junction position.
Sensitivity Analysis.
We investigate the sensitivity of the bundle rigidities on the principal structural parameters, which are difficult to measure experimentally, governing the geometry and the mechanical properties of the six-helix DNA bundle structure. We calculate the stretching ( ), bending ( ), and torsional ( ) rigidities of the bundle for exhaustively varied parametric values including the interhelical distance ( ), the reduced bending ( nick ) and torsional ( nick ) rigidities of the beam element at nicks, and the stretching ( cross ), bending ( cross ), and torsional ( cross ) rigidities of the beam element at crossover positions. At the ends of the bundle, two fictitious FE nodes are generated on the mean position of the helix centers and connected rigidly to the nodes on the same cross-sectional plane where boundary conditions and loading conditions are applied. , , and of the bundle for each parameter set are obtained by performing linear static analysis where we impose a unit tensile displacement, a unit shear displacement for bending, or a unit torsional angle on one end of the bundle while fixing the other end and measure the axial reaction force, the shear reaction force, or the torsional reaction moment, respectively. The default values used for these parameters when not varied are = 2.25 nm, cross / B-DNA = cross / B-DNA = cross / B-DNA = 10 5 , and nick / B-DNA = nick / B-DNA = 10 −2 .
Results and Discussion
Isotropic Bending Rigidity.
Due to the helicity of the B-form DNA (two full turns per 21 base pairs), crossover positions are rotating 240 degrees every seven base pairs along the helical axis on the honeycomb lattice, resulting in an asymmetric crosslinking arrangement. Therefore, the bending rigidity of the bundle naturally varies with the direction of curvature. The bundle exhibits the highest bending rigidity for bending along the vertical axis while it shows the lowest rigidity for bending along the horizontal axis. Nevertheless, the difference between the maximum and minimum bending rigidities is negligibly small (less than 0.2% of the mean value) and hence we can assume that the bending rigidity of the bundle is almost isotropic (Figure 2 ). This is because the bundle uses the highest crossover density available for honeycomb-latticed structures. More specifically, a DNA double helix in the six-helix bundle is connected to one of its three neighboring helices every seven base pairs forming a 21-base-pair-long repeating unit. Approximately 50 units exist along the helical axis that are large enough to attenuate the effect of crossover asymmetry on the overall bending rigidity of the bundle. 
Effect of the Interhelical Distance.
Here, we investigate the effect of the distance between the helices on the overall bundle rigidities. It is well known that the diameter of the Bform DNA is about 2 nm, which might be a natural choice for the interhelical distance if we assume that the helices are in contact with one another almost all the way along the helical axis. However, as the DNA double helix is highly negatively charged, the repulsive forces whose strength is dependent on the ionic condition exist between the helices. On the other hand, it is shown experimentally that the interhelical distance at crossover positions is smaller than the helix diameter amounting to 1.85 nm. As a result, the helices undulate in the bundle rather than taking a straight, parallel configuration because they expel one another while constrained at crossover positions. Nonetheless, we often model the structure as a bundle of straight DNA helices separated at an effective interhelical distance corresponding to the mean distance between the undulating helices without including electrostatics explicitly into the model, which has been successful to predict the three-dimensional shape of DNA origami nanostructures [1, 22] . Here, we adopt this modeling approach and study how the effective interhelical distance affects the bundle rigidities by varying it from 1.8 nm to 2.5 nm. Results clearly demonstrate that the stretching rigidity of the bundle is invariant to the interhelical distance (Figure 3(a) ). This is because the axial force is divided and applied equally to each helix resulting in a uniform axial deformation of the helices regardless of their relative locations. Bending and torsional rigidities of the bundle, in contrast, are dependent on the interhelical distance (Figures 3(b) and 3(c) ) resulting primarily from the fact that area moments of inertia increase with the interhelical distance as the helices become located farther from the bundle's central axis.
Effect of the Mechanical Properties of Crossovers.
The mechanical properties of crossovers are the most crucial factors affecting the global bundle rigidities as DNA double helices are interconnected only at these discrete positions. These crossovers are four-way Holliday junctions that are structurally polymorphic when free in solution and can undergo the transition between an unstable, open conformer and more stable, stacked conformers [23] . These junction structures take a right-handed stacked conformation in a bundle under usual ionic conditions and provide the crosslinking stiffness between the adjacent helices. While it has been shown both experimentally and computationally that crossovers are quite flexible in scissor-like motion of junction arms [5, 24] , their exact mechanical properties have not been characterized well. Here we explore how the mechanical properties of crossovers affect the bending and torsional rigidities of the six-helix bundle by varying the stretching, bending, and torsional rigidities of crossovers. The stretching rigidity of the bundle does not change with the crossover rigidities as all six helices are stretched or compressed uniformly.
Results indicate that both bending and torsional rigidities of the bundle are almost independent of the stretching rigidity of crossovers (Figure 4 ). This is because the global bending or twisting of the bundle requires the bending or twisting of individual helices relative to one another without the change in the interhelical distance. On the contrary, the bending rigidity of crossovers exerts a strong influence on the bundle rigidity in both bending and torsion. As crossovers become flexible in bending, beam elements across the neighboring helices at crossover positions can bend under externally applied bending or torsional moments, resulting in the decrease of the interhelical distance and the consequent reduction of the bundle rigidities (Figure 3) . The torsional rigidity of crossovers controlling the scissor-like rotation of the interconnected helices affects the torsional bundle rigidity only since the scissor-like rotation does not occur in bending of the bundle. It is noteworthy that both bending and torsional rigidities of crossovers should be smaller than those of the B-form DNA double helix in order to reproduce the experimental bundle rigidities.
Effect of the Mechanical Properties of Nicks.
As DNA bundles are formed by the aid of many short single stranded DNA segments, nicks (or strand breaks) always exist in a DNA bundle and hence it is important to understand their mechanical roles on the bundle rigidities. However, the mechanical properties of nicks have not been well quantified yet while there is a general consensus that they act like a hinge or swivel with smaller rigidities than those of nonnicked DNA. Hence, we explore the effect of the mechanical properties of nicks on the bundle rigidities by varying the bending and torsional rigidities of nicks while fixing their stretching rigidity to that of the B-form DNA. It turns out that nicks affect the torsional rigidity of the bundle but have a negligible influence on the bending rigidity ( Figure 5 ). In torsion, the bundle is more sensitive to the torsional rigidity of nicks than the bending rigidity as individual helices can be twisted locally at nick positions in addition to global twist of the bundle. But, if the bending rigidity of nicks is sufficiently small, then it can reduce the torsional rigidity of the bundle significantly as individual helices now can be bent or kinked locally at nick positions under torsion. Therefore, we need to take the location, the density, and the mechanical Normalized crossover rigidity properties of nicks into consideration when we design a DNA bundle structure exposed to torsional loadings. rigidities [17] . Parametric values used to obtain these bundle rigidities are cross / B-DNA = 0.000125, cross / B-DNA = 0.1, and nick / B-DNA = nick / B-DNA = 0.065 indicating that both crossovers and nicks are much softer than the B-form DNA. The torsional rigidity of crossovers inferred from our sensitivity analysis is similar to the one obtained using the molecular dynamics simulation [24] . It would be valuable to investigate the other mechanical properties of crossovers and nicks using atomistic simulations as well in order to further validate our analysis and obtain molecular-level insights into their properties. When compared with other models, the capabilities of the beam finite element model become more prominent (Figure 6) . Three continuum bundle models [17] are considered where each DNA double helix is treated as an isotropic cylinder characterized by its Young's modulus and Poisson's ratio. These models are distinguished by the assumption in crosslinking the helices: no crosslink (M1), continuous crosslink over the entire helix (M2), and discrete crosslink at crossover positions (M3). M2 predicts excessively high rigidities of the bundle particularly in torsion while M1 predicts too low rigidities particularly in bending. M3 predicts the bundle rigidities close to experimental ones, but it is noteworthy that two different Young's moduli had to be used for bending and torsion because M3 is unable to reproduce the bending and torsional rigidities of the bundle simultaneously using single Young's modulus.
Comparison with Other
Conclusions
In this paper, we investigate the mechanical properties of DNA bundles by performing sensitivity analysis for the six-helix DNA bundle structure using the finite element modeling approach. The bending and torsional rigidities of the bundle that are measured experimentally are calculated using our computational model with systematically varied parametric values including the interhelical distance, the crossover rigidities, and the nick rigidities. Results reveal that (1) the bending rigidity of the bundle is almost isotropic as a sufficiently large number of crossovers are used, (2) the interhelical distance affects the bending and torsional rigidities but has no influence on the stretching rigidity of the bundle, (3) the bending rigidity of crossovers has a dominant effect on the bundle rigidities, and (4) nicks are important for the torsional rigidity of the bundle. In addition, it is shown that the beam model can reproduce the experimental bundle rigidities while the previous continuum models cannot. Our findings are expected to be useful to design more complex DNA-based nanostructures with target shapes, mechanical properties, and derived functional properties.
